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Geophysical and geochemical 
study of the contaminant impact 
of Oke‑Tage solid waste dumpsite, 
Southwestern Nigeria
Michael Oluwatosin Adedinni 1, Augustine Babatunde Arogundade  1*, 
Odunayo Timothy Ore  2*, Charles Itunu Adenika 3, Adebiyi Samuel Adebayo 4, 
Grace Olubunmi Akinlade 1, Musa Olufemi Awoyemi 1 & John Adekunle Oyedele Oyekunle 2

The physicochemical properties of groundwater, geochemical characteristics and subsurface 
formation of the Oke-Tage waste dumpsite soil material were assessed to determine the impact of the 
leachate generated from the waste dumpsite on the quality of the groundwater within the study area. 
Water samples collected from hand-dug wells were analyzed to determine groundwater quality, while 
soil samples were examined for their geochemical characteristics. Ten Vertical Electrical Sounding 
(VES) surveys were carried out with an electrode spacing (AB/2) increasing from 1 to 200 m. Also, 
four 2D electrical resistivity profilings were done using the dipole–dipole configuration. The hydro-
chemical analysis showed an elevated Cadmium (Cd) and Lead (Pb) concentration above the maximum 
permissible limits. The physicochemical results indicated that the Electrical Conductivity (EC) ranged 
from 1900 to 3670 µS/m, while Total Dissolved Solid (TDS) ranged from 585 to 620 mg/L. The health 
risk assessment showed no significant health risks associated with exposure to the metals due to HI 
values less than 1. Based on the VES result, four geoelectric layers comprising topsoil, weathered 
layer, fractured basement, and fresh basement were identified. The 2D resistivity structures revealed 
that the topsoil and weathered layers practically merged and are characterized by relatively low 
resistivity (< 30 Ωm) beneath the dump site. The study concluded that the groundwater and soil in 
the vicinity of the investigated Oke-Tage waste dumpsite had been negatively impacted to levels that 
called for caution especially using the water for regular potability purposes.

Waste is linked to virtually every aspect of human activity and is generated from our daily activities. It results 
from an event or process that does not have immediate economic value or demand and must be discarded1. Solid 
waste is undesirable materials produced in a given area, such as residential, industrial, or commercial activities. 
It could be classified by origin (domestic, agricultural, retail, building, or institutional), substance (organic mate-
rial, glass, steel, plastic, and paper), or potential hazard (toxic, non-toxic, flammable, radioactive, or inflective)2.

The continuous increase in the urban population increases the quantity of waste generated in those areas3. 
Solid waste undergoes slow aerobic and anaerobic decompositions over the years. It produces substantial amounts 
of leachate with decomposing products such as landfill gas, heavy metals, and varieties of hazardous contamina-
tions that may flow into underground aquifers from the landfill site. The management of solid wastes is a global 
environmental concern, especially in developing countries such as Nigeria4. In Nigeria and other developing 
countries, a common practice is to employ the use of open dumpsites for the disposal of municipal solid wastes5,6. 
The predominant challenge associated with the management of these sites includes weak policies made by the 
government4.

Leachate could be described as a liquid or water-soluble compound in the dumpsite generated through the 
decomposition of waste. This water-soluble matter is redistributed in the environment due to runoff resulting 
from rainfall or wet precipitation. Leachate may migrate from the dumpsite and seep into the soil to contaminate 
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soil and groundwater in a way that poses a challenge to human health and the environment7–9. The factors that 
affect the generation of leachate include climate (rainfall), topography (run-on/runoff), and vegetation10.

The Oke-Tage waste dumpsite currently being investigated has been active for over two decades. The dumpsite 
hosts various types of waste, such as garbage, paper, plastic, glass, metal scrap, and expired drugs. Some of these 
wastes occur as homogeneous materials that are primarily non-biodegradable and have been compacted over 
the years. These allowed long-time interaction among the dumpsite materials, soil, and the subsurface geological 
system. Wastes deposited into dumpsites undergo oxidation, corrosion of metallic components, and decomposi-
tion of organic matter, resulting in the generation and release of leachate, which can impact the soil surface and 
groundwater resources, thereby affecting groundwater resources11. Waste materials that are over twenty years 
old are expected to biodegrade and produce effluent. The effluent generated by percolation may have found its 
way into the groundwater. However, there is the possibility that the leachate generated from the dumpsite may 
have impacted the immediate environment.

Research works such as12–24 have evaluated the impact of waste dumpsites on the environment using vari-
ous techniques. However, the use of traditional sampling and drilling may not suffice in a detailed mapping of 
municipal wastes. This is because a complete assessment of municipal waste sites involves the consideration of 
several factors including waste composition, surface–subsurface geological conditions, and hydrological fea-
tures among others25. Hence, the need arises to employ the use of geophysical and geochemical methods for 
a comprehensive evaluation of the environmental impacts of refuse dumpsites26. The geochemical and geo-
physical methods are essential in evaluating and characterizing contaminants generated by urban residues for 
environmental impact assessment. These contaminants are due to the occurrence of potentially toxic elements 
and other ions at refuse dumpsites and a probable transfer of these contaminants to nonpolluted areas, thereby 
posing adverse health effects to the local populace. Some of the potential human health effects accrued upon 
exposure to contaminated water include chest pains, tetanus, dengue fever, diarrhoea, skin infections, cholera, 
dysentery, typhoid, and eczema27.

Although significant research has been carried out on the contamination levels of refuse dumpsites across the 
globe, this study represents the first comprehensive attempt at characterizing the impacts of refuse dumpsites on 
the soil and groundwater of the study area (Oke-Tage) via the simultaneous use of geophysical and geochemical 
methods. The present study is designed to evaluate the potential impacts of open refuse dumpsites on the potable 
water resources as well as the agricultural soils of the study area for the purpose of environmental management 
and sustainability. The study addresses the need to achieve sustainable development goals comprising good health 
and well-being as well as clean water and sanitation.

Description and geological setting of the study area.  The Oke-Tage dumpsite is located on a 10 
hectares landmark along Ondo-Ipetu-Ijesa road in Ile-Oluji Town, Ile-Oluji/Okegbo Local Government, Ondo 
State (Fig. 1).

The terrain within the area is relatively flat and accessible by footpaths and roads. The climatic condition of 
the study area is similar to the general climate of Southwestern Nigeria, a lowland tropical rainforest type with 
distinct wet and dry seasons. In the southern part of Ondo State, the mean monthly temperature is about 21 °C 
with a mean monthly range of 29 °C, while the mean relative humidity is over 75%. The mean monthly humid-
ity is about 65%28. The solid waste from surrounding industries, schools and residential areas forms the solid 
composition of the dumpsite.

Figure 1.   The Map of Ondo State showing the study location.



3

Vol.:(0123456789)

Scientific Reports |         (2023) 13:4704  | https://doi.org/10.1038/s41598-023-31948-3

www.nature.com/scientificreports/

The study area is located within the Basement Complex terrain of Ondo State, Southwestern Nigeria. The local 
lithological units identified in the study area are granites, quartzite, and migmatite-gneiss. Quartzite is widely 
spread in the area, covering over half of the area, while granite-gneiss occurs as intrusive, low-lying outcrops in 
the Northeastern and Southeastern parts of the area. Quartzite ridges occur in several locations, mainly in the 
central part of the study area. The underlying basement rocks, which are concealed, may contain extensively 
faulted and folded areas, developing joint systems, and fracture systems that have resulted from multiple tectonic 
events29,30. In tropical and equatorial regions, weathering processes create surface layers with varying levels of 
porosity and permeability. Research has indicated that if the unconsolidated overburden is sufficiently thick, it 
could potentially serve as a dependable aquifer.

Method of study
Soil chemical analyses.  Chemical analysis was conducted on the soil samples obtained within and outside 
the dumpsite to obtain a preliminary estimate of the level of contamination. Ten soil samples were collected 
randomly at 0.5 m depth from the study area using a hand auger. The soil samples were put in airtight polymer 
material and labelled. Soil samples S1 to S5 were taken within the dump site. Samples S6 to S9 were taken at a 
distance radius of about 50 to 200 m to the dump site. Sample S10 was taken at a distance of 700 m, far away from 
the dumpsite, to serve as a control sample (Fig. 2). The soil samples were analyzed for anions and cations.

Hydro‑chemical analyses.  The general information on water samples obtained from the artesian wells in 
the study area is presented in Table 1. The table gives the details of the sample description, longitudes, latitudes, 
elevations, and distances from the centre of the dump site. Seven artesian well water samples were collected 
within the study area and analyzed for various physical and chemical properties. Six water samples were col-
lected at a distance that ranged from 367 to 513 m from hand-dug wells, while the seventh water sample was 
taken at a distance of 667 m away from the dump site to serve as a control sample.

Figure 2.   Data Acquisition Map of Oke-Tage Dumpsite.

Table 1.   General information on water sample location.

Sample Code Longitude (East) Latitude (North) Elevation (m) Distance from centre of dumpsite (m)

WELL 1 4° 52′ 34.4″ 7° 13′ 01.2″ 240 367

WELL 2 4° 52′ 33.1″ 7° 13′ 03.0″ 245 375

WELL 3 4° 52′ 31.1″ 7° 13′ 05.4″ 249 387

WELL 4 4° 52′ 29.9″ 7° 13′ 58.3″ 252 433

WELL 5 4° 52′ 31.3″ 7° 13′ 56.7″ 255 467

WELL 6 4° 52′ 3.12″ 7° 13′ 56,8″ 250 513

WELL 7 4° 52′ 48.9″ 7° 13′ 09.7″ 251 667
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Sample digestion and analysis.  One gram of each of the soil samples and 20 mL of each of the water 
samples was weighed and digested with a mixture of HCl and HNO3 (aqua regia) in a ratio of 1:3 using a temper-
ature-controlled hotplate at 70 °C under a fume cupboard. The heating continued until digestion was completed. 
The digest was allowed to cool for some minutes and then transferred into a 50 mL standard volumetric flask. 
The digested samples were taken for elemental analysis using Atomic Absorption Spectrophotometer (Model 
PG 90).

Geophysical survey.  The electrical resistivity method was adopted for the survey because of its response to 
water-bearing materials, indicating the resistivity and conductive nature of underground layers. The survey was 
carried out close to and away from the dump site. At each station, four electrodes were arranged collinearly and 
Vertical Electrical Sounding (VES) using the 1D Schlumberger technique was carried out at electrode spacing 
(AB/2) increasing from 1 to 200 m. The acquired data was plotted as VES curves with the aid of bi-logarithmic 
papers by plotting the apparent resistivity (ρa) against electrode separation and interpreted using the conven-
tional partial curve matching technique with the aid of master curves and auxiliary point charts to obtain initial 
geoelectric parameters (resistivity and thickness) values of several geoelectric layers at respective VES stations. 
The obtained geoelectric parameters (layers resistivity and thicknesses) were used for iterative computer model-
ling using the WinResist software version 1.031,32. Four 2D electrical resistivity profiling was carried out in the 
study area using the dipole–dipole electrical configuration. The results obtained from the 2D survey were con-
verted into 2D resistivity structures with DIPROFWIN Version 4.0 software33. The interpreted results from the 
geophysical investigations were used to determine the subsurface lithology sequences and determine the lateral 
and the depth extents of contamination.

Health risk assessment.  The health risks associated with exposure to the potentially toxic elements in the 
studied soils via ingestion, inhalation, and dermal exposure were calculated using the formula below:

All parameters are as defined by Adebiyi et al.34.

Quality control/quality assurance protocols.  For quality control, blank determinations were carried 
out. The reagents used for the sample digestion were taken through the digestion protocol without the samples. 
Recovery analysis was carried out by spiking 1 g of the soil samples with a 20 mg/kg standard mixture of the 
metal salts. The standard metal solutions were used to fortify the samples, digested, and then taken for AAS 
analysis. The percentage recovery was determined using the formula:

where the parameters are as defined by Adebiyi et al.35.
The reliability of the adopted analytical procedures in the present study was verified in terms of linearity 

of calibration (R2) and percentage recoveries (%R) of the metals which are listed in Table S1 (supplementary 
material). The percentage recoveries of the metals ranged from 84% in Mn to 99% in Zn indicating quantitative 
agreement in the recovery values. According to European Union guidelines36, the accuracy and precision of an 
adopted procedure are ascertained if the recovery values lie between 70 and 110%. The recovery values of the 
present study were within the certified range. The standard calibration curves of the instrument used (atomic 
absorption spectrophotometer) to determine the metal concentrations indicated high linearity levels with the 
R2 values ranging from 0.9665 for Cd to 0.9981 for Fe. These values indicated that the instrument can be relied 
on to give precise and accurate determinations of metal concentrations in the studied samples.

Results and discussion
Physicochemical analysis results.  The results of the physicochemical analysis of the water samples are 
presented in Table 2. These were compared with World Health Organization and Nigerian Standard for Drinking 
Water Quality standard permissible limits.

The temperature and pH values of the water samples ranged from 27.1 to 28.4 °C and 6.8 to 6.9, respectively. 
The temperature and pH values were within the NSDWQ and WHO standard permissible limits, as shown in 

CDI ingestion =
Cm × Ring × EF × ED

ABW X AVT
× 10

−6

CDI inhalation =
Cm × Rinh× EF × ED

ABW × AVT × PEF

CDI dermal =
Cm × ESSA × SAF × DAF × EF × ED

ABW × AVT
× 10

−6

HQ =
CDI

RfD

HI =
∑

HQing +HQinh +HQdermal

%R =
A− B

C
× 100
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Table 2. The Electrical Conductivity (EC) ranged from 1900 to 3670 µS/cm, and Total Dissolved Solids (TDS) 
ranged from 585 to 620 mg/L.

The values of EC and TDS from wells 1 to 6 exceeded the required standard permissible limit of NSDWQ 
and WHO, and they were more than that of the control sample (well 7). The control sample had a value that was 
within the standard permissible limits (Table 2). The elevated EC and TDS values in wells 1–6 showed that the 
wells nearby of the investigated dumpsite had been considerably contaminated. The impurities could directly 
influence the drinking quality of water and affect the properties such as odour, colour, and taste37. The high EC 
values indicated that the high salt content of the well water samples might probably have emanated from the 
municipal leachate from the dumpsite. All the EC values from wells 1 to 6 were above the recommended permis-
sible limits (Table 2). Therefore, water from wells 1 to 6 might not be suitable for regular drinking and domestic 
purposes. Other effects of high EC values include disturbance of salt and water balance, adverse effects on heart 
patients, and high blood pressure38. The elevated TDS indicated that the dumpsite was the main contributor of 
dissolved solids in the wells since all the values of the TDS from wells 1–6 exceeded the recommended permis-
sible limits for drinking and domestic use (Table 2). A high concentration of TDS decreases palatability and may 
cause gastrointestinal irritation in humans and might also have a laxative effect38. According to the concentra-
tion of EC and TDS, water from wells 1 to 6 is not fit for human consumption. The results of the concentrations 
of cations and anions analyzed in the well water samples are presented in Table 3. These were compared with 
the WHO and NSDWQ standard permissible limits. The concentration of cadmium (Cd), lead (Pb), and iron 
(Fe) ranged from 0.060 to 0.117 mg/L, 0.012 to 0.110 mg/L, and 0.005 to 0.123 mg/L respectively. These values 
were far above the maximum permissible limits of 0.003 mg/L for Cd, 0.01 mg/L for Pb, and 0.02 mg/L for Fe.

The source of the high concentration of elements (Cd, Pb, and Fe) in the wells could probably be due to the 
leachate generated from the dumpsite or used storage batteries dumped indiscriminately around the environment 

Table 2.   Result of physico-chemical analysis of the well water samples. SD = Standard Deviation, NA = Not 
Available, TSS = Total Suspended Solid, TDS = Total Dissolved Solid, EC = Electrical Conductivity, 
NSDWQ = Nigerian Standard for Drinking Water Quality and WHO = World Health Organization.

Parameter Well 1 Well 2 Well 3 Well 4 Well 5 Well 6 Well 7 control
Range 
(Mean ± SD)

NSDWQ 
guideline

WHO 
guideline

Colour Light brown Colourless Colourless Colourless Colourless Colourless Colourless NA Colourless Colourless

Odour Odourless Mild Odourless Odourless Odourless Odourless Odourless NA Odourless Odourless

Temperature (oC) 28.3 27.5 28.4 27.6 27.6 27.3 27.1 27.1–28.4 
(27.68 ± 0.48) NA 25

pH 6.9 6.9 6.8 6.9 6.9 6.9 6.9 6.8–6.9 
(6.88 ± 0.03) 7.0 7.5

TSS (mg/L) 280 270 265 280 221 221 98 98–280 
(233.57 ± 64.96) NA NA

TDS (mg/L) 610 620 605 589 592 585 482 482–620 
(583.28 + 46.37) 500 600

EC (µS/cm) 3670 2010 2101 1890 3650 1900 1250 1250–3670 
(2353 ± 933.99) NA 1500

Table 3.   Hydro-chemical analysis of the well water samples. SD = Standard Deviation; NA = Not Available; 
NSDWQ = Nigerian Standard for Drinking Water Quality. WHO = World Health Organization.

Parameter (mg/L) Well 1 Well 2 Well 3 Well 4 Well 5 Well 6 Well 7 control Range (Mean ± SD) NSDWQ WHO

Cu 0.108 0.47 0.023 0.024 1.037 0.008 0.004 0.004–1.037 (0.239 ± 0.389) 1.0 2.0

Cd 0.117 0.112 0.022 0.051 0.078 0.023 0.006 0.006–0.117 (0.058 ± 0.044) 0.003 0.003

Pb 0.095 0.110 0.032 0.033 0.038 0.048 0.012 0.012–0.110 (0.052 ± 0.036) 0.01 0.01

Zn 0.063 0.057 1.026 0.032 0.048 0.011 0.008 0.008–1.026 (0.177 ± 0.374) 3.0 3.0

Fe 0.102 0.123 0.071 0.048 0.098 0.018 0.005 0.005–0.123 (0.066 ± 0.044) 0.3 0.3

Mn 0.104 0.046 0.021 0.029 0.036 0.007 0.004 0.002–0.104 (0.035 ± 0.033) 0.2 0.4

Mg 0.117 0.112 0.012 0.050 0.078 0.013 0.010 0.010–0.117 (0.056 ± 0.047) 20 0.05

K 0.089 0.104 0.037 0.038 0.042 0.052 0.028 0.028–0.089 (0.056 ± 0.029) NA 12

Na 0.063 0.057 0.026 0.031 0.049 0.009 0.010 0.009–0.063 (0.035 ± 0.021) 200 200

Ca 0.104 0.125 0.069 0.059 0.097 0.001 0.017 0.001–0.104 (0.067 ± 0.045) 1.0 75

Ni 0.079 0.068 0.020 0.013 0.022 0.021 0.021 0.013–0.079 (0.035 ± 0.026) 0.02 0.07

Chloride 21.679 23.104 21.435 25.538 19.539 17.116 16.118 16.118–25.538 (20.647 ± 3.312) 250 NA

Phosphate 1.415 1.829 1.446 1.794 0.490 1.224 11.277 0.489–11.277 (2.782 ± 3.772) NA NA

Sulphate 20.195 19.568 22.989 18.202 22.810 20.760 18.550 18.203–22.989 (20.439 ± 1.898) 100 100

Nitrate 6.688 6.767 6.421 5.429 6.691 7.335 7.802 5.429–7.802 (6.733 ± 0.742) 50 50
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as observed in part of the Oke-Tage environs. The concentration of Cd, Pb, and Fe found in this study indicated 
that water from wells 1 to 6 is not safe for human consumption because elevated levels of Cd and Pb could cause 
adverse health effects such as renal disease and cancer problems to consumers39. Excessive iron levels in drinking 
water could lead to the early onset of skin wrinkles, haemochromatosis, clogging of pipes, and a metallic taste 
in food and drinks40,41.

The concentration of anions is generally below the standard permissible limit, and some of the cations also 
fell below the standard permissible limits. This observation implies that the dumpsite contributed minimally 
to the anions and some cations levels in the well water. The sources of these anions and cations might include 
industrial waste or emissions, agricultural runoff, car, and truck exhausts.

Geochemical results.  The results of the geochemical analysis of the soil involving the concentrations of the 
metals and anions considered in this study are shown in Fig. 3a,b.

The results were compared with the soil control sample (S10). In consonance with the one-way analysis of 
variance (Table S2, supplementary material), it was discovered that the total metal concentrations obtained in 
the soil samples were comparatively higher than the total metal concentrations obtained in the control sample 
(p < 0.05) except for Cu, Zn, and Ni. These indicated a degree of contamination arising from anthropogenic 
activities within the Oke-Tage waste dump site.

The comparison of the concentrations of the total metal in the control sample (S10) with the standard per-
missible limits set by the Department of Petroleum Resources (DPR) indicated that the concentration of the 
metals was all below the standard permissible limits (Table 4). This indicated that the control sample (S10) was 
practically uncontaminated from anthropogenic source(s). The soils within the dumpsite are rich in potassium 
due to the impact of the dumpsite and possibly by the application of NPK fertilizer by farmers on the surround-
ing farmland. The concentrations of Pb obtained in all the soil samples were higher than the concentration of 
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the control sample. Direct contact with Pb-contaminated soils may pose a human health risk 42–44 as it has no 
known essential function in the human body. It can also result in a wide range of biological effects depending 
on the level and duration of exposure.

In general, plants like tomatoes, peppers, melons, and okra do not accumulate large amounts of lead (Pb) 
from the soil. In contrast, some plants (e.g., beans, groundnut, soya beans, and cowpeas) may have a high affinity 
for Pb in contaminated soils37. In another case, soil particles containing lead (Pb) may cling to the outer leaves 
or the surfaces of the root of vegetables and might pose a health risk if eaten39. Cadmium (Cd) is highly toxic. A 
high concentration of Cd in the soil for the cultivation of vegetables and other food crops could lead to adverse 
health effects such as renal disease and cancer when consumed39. Also, direct exposure to elevated levels of Cd 
causes proximal tubular disease45. The result also shows that sample three (S3) had the highest concentration of 
Cd in the soil, and crops growing within the area might accumulate elevated Cd levels.

Therefore, soils in and around the dumpsite are not suitable for agricultural purposes as they might pose 
health challenges to humans and the general biota. Copper is an essential element, but a high dose can cause 
intestinal irritation and anaemia with direct contact46. Ni also can be dangerous when the maximum tolerable 
amounts are exceeded46. Other analyzed metals are Ca, Zn, Fe, Mg, Na, and Mn. The mean concentration values 
of the elements were more significant than the values of the control sample (S10) (Fig. 3a). All the elements are 
potentially toxic to plants and animals in large amounts44. The mean concentration values of the metals in the 
sampling points considered are within the intervention metal limits set by DPR.

The anion concentrations of the soil samples are presented in Fig. 3b. The mean concentration values of Nitrate 
(NO3

−), Sulphate (SO4
2−), Phosphate (PO4

3−), and Chloride (Cl−) are 8.491 mg/kg, 24.017 mg/kg, 2.142 mg/kg, 
and 28.812, mg/kg respectively. A high concentration was recorded for NO3

- in S1, while others were significantly 
lower than the S1 and the control sample (S10). This implied that the increase in NO3

− in S1 originated mainly 
from the dumpsite due to leachate because areas with high organic matter such as dump sites can release NO3

- 
through the activity of nitrifying bacteria in the soil39. Crops planted around this area will grow slower than in 
other areas, and algal growth will be stimulated in the well water, leading to a eutrophic condition. Also, surface 
and groundwater within the study area might subsequently receive nitrate contents, rendering them unsuitable 
for human consumption.

All the samples indicated high content of Cl− except for S4 and S8, with low concentrations compared to the 
control sample (S10). The high concentrations of Cl− might become a limiting factor for plant growth as plants 
grown on soils with high Cl− content might vittle or become stunted47. The observation shows that the dumpsite 
is not the primary source of Cl- but probably contributed some Cl− to the study area.

Analytical results showed that low concentrations of SO4
2− were observed compared with the control sample, 

except for sample S1, which is significantly lower than others. The result revealed that other sources apart from 
the dumpsite could influence the concentration of SO4

2- in that area, such as industrial emissions or waste.
The phosphate concentration (PO4

3−) indicated a high level was recorded in sample S1 while the concentration 
in other samples was lower than the values obtained in control sample S10. This observation suggested that the 
decrease in PO4

3− levels from samples S2 to S9 might be due to the surface runoff. This observation showed that 
the dumpsite was not the primary source of the PO4

3− to the study area, but probably it contributed very little 
concentration to the PO4

3− level in the study area. The range of contaminant concentrations and the physical 
and chemical forms will depend on activities and disposal patterns of the contaminated waste on the dumpsite.

The non-carcinogenic health risk assessment emanating from exposure to the potentially toxic elements in 
the soils around the studied refuse dumpsite via ingestion, inhalation, and dermal contact is presented in Table 5.

The health risk assessment results indicated that ingestion was the principal exposure pathway to the poten-
tially toxic elements, followed by dermal contact and inhalation. This is due to the increased chronic daily intake 
(CDI) and hazard quotient (HQ) values observed for the ingestion pathway. Frequent hand-to-mouth activity 
exhibited by children particularly might be a possible ingestion route for these potentially toxic elements48. 
Furthermore, children were observed to be more vulnerable to potentially toxic elements due to relatively high 
HQ values. This is consistent with the reports of previous findings9,34,49. The results of the hazard index (HI) 
showed that the HI values followed the order: Cd > Pb > Cu > Mn > Ni > Fe > Zn. This indicated that the highest 
risk of metal exposure was attributed to Cd. This finding was corroborated by earlier reports where Cd was 
implicated in posing the most potent health risks among studied metals48,50. Some possible health disorders 

Table 4.   Comparison of the control sample values with the standard permissible limits. *IUGS/IAGC 
Standard permissible limits.

Element Control sample (mg/kg) Target value (mg/kg) (DPR)

Cu 0.394 36

Zn 0.032 140

Cd 0.058 0.8

Mn 0.345 850

Pb 0.138 85

Fe 0.013 5000

Ni 0.023 35

K* 0.167 85

Ca* 0.059 260
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widely associated with exposure to Cd include cellular DNA damage, neurological dysfunction, brain retarda-
tion, disrupted growth and development, liver damage, intestinal irritation, declined fertility, miscarriage, and 
impaired cognitive function 51–53. Although the concentrations of the potentially toxic elements are high in the 
studied soils, the calculated HI values are less than 1, indicating that the studied soils do not pose immediate 
adverse effects on the local population’s health54.

Geophysical results.  Vertical electrical sounding (VES) result.  The field curve types obtained from the 
processed VES data are HK, HA, QH, and HKH shown in Fig. 4a–c.

The curve type HA is predominant with 40% occurrences, followed by HK with 30% occurrences. The QH 
and HKH type curve has 20% and 10% occurrences, respectively. The HA-type curve shows that the basement 
rock might have been subjected to minimal tectonic activity with a consequent low frequency of fracture in 
the basement and serves as an area of accumulation of leachate plume55,56. Table 6 shows the summary of the 
interpretation result and their lithologic unit classification. From the interpreted results of the VES curves, the 
2D geoelectric sections show the resistivity variations and thickness of layers of each position within the depth 
penetrated in the study area. These VES sections were generated based on the iterated geoelectric parameters 
(layers resistivity and thicknesses).

Figure 5 shows a geoelectric section that relates VES stations 1, 2, and 3 along the W-E direction.
The profile revealed four subsurface layers: topsoil, weathered layer, fractured basement, and fresh basement. 

The first layer, topsoil, is characterized by resistivity ranging between 92 and 172 Ωm and has layer thickness 
ranging from 2.2 to 6.4 m. This indicates that the topsoil layer is a moderately permeable substrate that can act 
as a conduit for fluid flow. The second layer, is the weathered layer, of clayey sand (with layer resistivity ranging 
from 15 to 140 Ωm while the thickness ranges from 2.3 to 11.4 m). The relatively low resistivity values of 15 to 
50 Ωm obtained from VES 1 and 2 beneath the dumpsite could be attributed to the effect of leachate from the 
dumpsite. The low resistivity variation indicates the degree of decomposition of the waste materials and saturated 
zones of leachate within the subsurface12,16. This may be a result of the vertically downward migration of leachate 
into the weathered layer. The third layer, also a weathered layer, is characterized by low resistivity values ranging 
from 15 to 68 Ωm. The mean resistivity of the third layer is 43 Ωm, and the layer thickness ranges from 6.1 to 
19.1 m, with a mean thickness of 11.7 m. The low resistivity values and thickness of the lithologic units imply 
that layers 2 and 3 might be composed of low impermeable substratum and saturated with leachate47. The fourth 
layer shows fracture/fresh basement with resistivity values ranging from 1456 to 1523 Ωm, and the layer thick-
ness varies from 20 to 32.0 m. The resistivity value of 525 Ωm in this layer beneath VES 3 is typical of a fractured 
basement that may serve as a zone for leachate accumulation and conduit to contaminate the groundwater12.

Figure 6 shows a geoelectric section that relates VES stations 4, 5, and 6 along the N-S direction.
The profile has revealed the presence of four distinct subsurface layers. The first layer, which is the topsoil, has 

a resistivity range between 118 and 160 Ωm and a thickness ranging between 1.6 and 7.1 m. The topsoil layer is 
composed of sandy clay, indicating that it is porous, but the thickness of the layer implies that it will not allow 
significant vertical migration of contaminants. The second layer is the weathered layer, also composed of sandy 
clay, with resistivity values ranging from 49 to 140 Ωm and a thickness between 16.3 and 30.7 m. This layer is 
characterized by moderately low resistivity values, indicating it is porous and permeable, meaning it can easily 
allow leachate migration vertically downward from the strata above at or around the dump site. However, the 
thickness of the weathered layer implies that it will result in low-permeable leachate contaminating the ground-
water. The third layer is the fractured basement, which has resistivity values ranging from 192 to 682 Ωm and 
a thickness ranging from 8.2 to 49 m. This layer is a potential pathway for groundwater contamination if the 

Table 5.   Non-carcinogenic health risk assessment of potentially toxic elements in soils around Oke-Tage 
refuse dumpsite. CDI = chronic daily intake, RfD = reference dose, HQ = hazard quotient, HI = hazard index, 
ing = ingestion, inh = inhalation, derm = dermal.

Elements Population CDI(ing) CDI(inh) CDI(derm) RfD(ing) RfD(inh) RfD(derm) HQ(ing) HQ(inh) HQ(derm) HI

Cd
Children 3.16E-05 8.87E-11 8.86E-08

1.00E-03 1.00E-03 1.40E-01
3.16E-02 8.88E-08 6.33E-07 3.16E-02

Adults 1.45E-06 1.36E-11 5.79E-08 1.45E-03 1.37E-08 4.14E-07 1.45E-03

Cu
Children 2.16E-04 6.06E-10 6.04E-07

4.00E-02 4.02E-02 2.40E-02
5.40E-03 1.51E-08 2.52E-05 5.43E-03

Adults 9.91E-06 9.33E-11 3.95E-07 2.48E-04 2.32E-09 1.65E-05 2.64E-04

Fe
Children 8.54E-05 2.39E-10 2.39E-07

7.00E-01 NA 1.40E-01
1.22E-04 0.00E + 00 1.71E-06 1.24E-04

Adults 3.92E-06 3.69E-11 1.56E-07 5.61E-06 0.00E + 00 1.12E-06 6.73E-06

Mn
Children 2.19E-04 6.17E-10 6.15E-07

1.40E-01 5.00E-05 1.84E-03
1.57E-03 1.23E-05 3.35E-04 1.92E-03

Adults 1.01E-05 9.50E-11 4.02E-07 7.21E-05 1.90E-06 2.19E-04 2.93E-04

Ni
Children 1.31E-05 3.68E-11 3.68E-08

2.00E-02 2.06E-02 1.00E-03
6.57E-04 1.79E-09 3.68E-05 6.94E-04

Adults 6.03E-07 5.68E-12 2.40E-08 3.02E-05 2.76E-10 2.41E-05 5.43E-05

Pb
Children 8.58E-05 2.40E-10 2.40E-07

4.00E-03 3.52E-03 5.25E-04
2.15E-02 6.84E-08 4.58E-04 2.19E-02

Adults 3.94E-06 3.70E-11 1.57E-07 9.85E-04 1.05E-08 3.00E-04 1.28E-03

Zn
Children 2.53E-05 7.11E-11 7.10E-08

3.00E-01 3.00E-01 7.50E-02
8.46E-05 2.37E-10 9.47E-07 8.55E-05

Adults 1.16E-06 1.09E-11 4.64E-08 3.88E-06 3.66E-11 6.20E-07 4.50E-06
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migration of contaminants from the overlying layers can migrate through to this layer. The fourth and deepest 
layer is the fresh basement, which has an undulating topography and resistivity values ranging from 734 to 4191 
Ωm. The high resistivity values in this layer imply that it is composed of solid rock.

Figure 7 shows a geoelectric section that relates VES stations 7 and 8 along NE–SW direction.
The profile revealed four subsurface layers: topsoil, weathered layer, fractured basement, and fresh basement. 

The topsoil layer around VES 8 has a resistivity range of 81–226 Ωm and a layer thickness range of 5.0–7.0 m. 
This layer is composed of sandy clay that has been contaminated with leachate, which could be attributed to the 

Figure 4.   1D Model of (a) VES 1 (b) VES 2 (c) VES 3.
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waste materials from the dump site. The presence of leachate indicates that the waste materials are decomposing, 
and there is a high potential for groundwater contamination in the area. The weathered layer has resistivity values 
ranging from 28 to 95 Ωm and thickness ranging from 7.0 to 19.0 m. The relatively low resistivity values of 28 
to 95 Ωm obtained from VES 7 and 8 beneath the dumpsite could be attributed to migrating leachate from the 
decomposing wastes in the dumpsite. The fractured basement is characterized by resistivity values ranging from 
393 to 567 Ωm with layer thickness ranging from 23.0 to 33.0 m. This layer may be indicative of the accumulation 
zone of leachate16 which poses a risk to groundwater quality. The fresh basement is characterized by a resistivity 
value of 776 Ωm and has an undulating basement relief. The resistivity value 393 Ωm observed beneath VES 7 
may be suggestive of the leachate accumulation zone.

Figure 8 shows a geoelectric section that relates VES stations 9 and 10 along NW–SE.
The profile shows four subsurface layers: topsoil, weathered layer, fractured basement, and fresh basement. The 

topsoil is characterized by resistivity ranging from 150 to 151 Ωm and layer thickness ranging from 5.3 to 8.0 m. 
The mean resistivity of the topsoil is 151 Ωm which implies that the topsoil is composed of sand contaminated 
by a leachate plume. The weathered layer is characterized by resistivity ranging from 53 to 81 Ωm with a mean 

Table 6.   Summary of the interpretation results and their lithologic unit classification.

VES Number Number of Layers Resistivity Value (Ωm) Thickness (m) Depth (m) Geological Implication Curve type

1

1 92 6.4 6.4 Topsoil

HA
2 15 7.2 13.6 Weathered layer

3 68 6.1 19.7 Weathered layer

4 1456 – – Fresh basement

2

1 101 6.3 6.3 Topsoil

QH
2 50 2.3 8.6 Weathered Layer

3 15 8.0 16.6 Weathered layer

4 1523 – – Fresh basement

3

1 172 2.2 2.2 Topsoil

QH
2 140 11.4 13.6 Clayey sand

3 46 19.1 32.7 Weathered layer

4 525 – – Fracture basement

4

1 118 3.3 3.3 Topsoil

HK

2 105 30.3 33.6 Weathered layer

3 469 49.0 83.0 Fracture basement

4 334 – – Fracture basement

5

1 160 1.6 1.6 Topsoil

2 140 22.3 23.9 Weathered layer

HKH
3 1340 45.8 69.7 Fresh basement

4 682 31.4 101.1 Fractured basement

5 4191 – – Fresh basement

6

1 119 7.1 7.1 Topsoil

HA
2 49 16.3 23.4 Weathered layer

3 192 8.2 31.6 Fracture basement

4 734 – – Fresh basement

7

1 226 7.0 7.0 Topsoil

HK
2 95 19.0 26.0 Weathered layer

3 567 33.0 59.0 Fracture basement

4 393 – – Fracture basement

8

1 81 5.0 5.0 Topsoil

HA
2 28 7.0 12.0 Weathered layer

3 504 23.0 35.0 Fracture basement

4 776 – – Fresh basement

9

1 150 5.3 5.3 Topsoil

HK
2 81 13.0 18.3 Weathered layer

3 578 24.0 42.3 Fracture basement

4 572 – – Fracture basement

10

1 151 8.0 8.0 Topsoil

HA
2 53 11.0 19.0 Weathered layer

3 1214 30.0 49.0 Fresh Basement

4 1338 – – Fresh basement
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resistivity of 67 Ωm and layer thickness ranging from 11.0 to 13.0 m with a mean thickness of 12.0 m. The mean 
resistivity indicates that the zone is highly contaminated by leachate. The zone constitutes clay soil that has low 
porosity. A fractured and fresh basement characterizes the third layer, with layer thickness ranging from 24.7 to 
29.6 m. The resistivity values of the third layer ranged from 578 to 1214 Ωm with a mean of 896 Ωm. The mean 
resistivity simply implies an uncontaminated zone because of the low porosity from the weathered layer16. VES 
10 extended to the fresh basement with a resistivity of 1214 Ωm. The fresh basement is characterized by resistivity 
ranging from 572 to 1338 Ωm, and it is unevenly distributed (undulating basement relief). This layer showed a 
resistivity value of 572 Ωm beneath VES 9, and it is categorized as a fractured basement. The fracture within the 
basement might serve as a conduit and zone for the accumulation of leachate seepage47.

Figure 5.   2D Geoelectric Section along W–E Cross Section.

Figure 6.   2D Geoelectric Section along NNW–SSE Cross Section.
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The weathered and fractured basement can play an important role in contaminant transport. The perme-
ability of the weathered layer depends on various factors such as the type of rock, the degree of weathering, 
and the presence of fractures or cracks within the layer. The presence of sandy clay in the weathered layer will 
enhance a good water retention capacity due to the clay particles, but its porosity is generally lower than that of 
sandy soils, making it less permeable to water and contaminant transport through the subsurface. A fractured 

Figure 7.   2D Geoelectric Section along NE–SW Cross Section.

Figure 8.   2D Geoelectric Section along NNE–SSW Cross Section.
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basement, on the other hand, can act as a preferential pathway for contaminant migration due to the presence 
of interconnected cracks and fractures.

The thickness of the lithologic units is also important in contaminant transport. A thicker layer may provide 
more storage capacity for contaminants, which can result in a longer residence time in the subsurface and poten-
tially increased mobility. Additionally, thicker layers can result in more complex flow patterns and interactions 
with other subsurface features such as aquifers, which can further affect contaminant transport. The thickness of 
the layers can also affect the rate of groundwater recharge, which can influence the movement of contaminants.

Dipole–dipole data interpretation.  Four dipole–dipole data profiles were carried out within and around 
the Oke-Tage waste dump site. The resistivity values < 100 Ωm in Figs. 9, 10, 11, 12 are depicted with a blue 
colour band.

It signifies a relatively low resistivity zone that has been contaminated. Resistivity values > 200 �m with yellow, 
red, and purple colour bands indicate an uncontaminated zone47.

The 2D resistivity structure of transverse 1 shown in Fig. 9 extends to 200 m in the W-E direction towards 
the dump site. Between stations 5 and 37 along the profile, a very low resistivity is visible at a depth of 0 to 50 m. 
This low resistivity is associated with leachate contamination originating from the waste dumpsite. A decreased 
resistivity < 30  Ωm is observed between stations 6 and 9. This zone showed penetration of leachate plume that 
migrated within the dumpsite and the extent of leachate contamination was estimated to a depth > 150 m beneath 
the dump site.

Figure 10 shows the 2D resistivity structure of transverse two extending through to 200 m in the NNW-SSE 
direction to the dumpsite and a perpendicular direction to transverse 1. Within stations 2 and 16, resistivity 
values < 100 Ωm were observed at the topsoil. This low resistivity showed that the topsoil in this area is contami-
nated. A part along the profile showed that the topsoil has virtually merged with the weathered layer because 
of overlapping low resistivity values and a relatively small thickness. The soil within the area of the dumpsite is 
observed to have a resistivity < 50 Ωm. This may imply that the leachate plume originated between stations 3 and 
8 and flowed to a depth > 150 m within the dumpsite area.

Figure 9.   2D Resistivity Structure of Traverse 1.

Figure 10.   2D Resistivity Structure of Traverse 2.
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Figure 11 shows the 2D resistivity structure of transverse three, extending to 200 m along the NE-SW direc-
tion of the dumpsite. The weathered layer along the transverse between stations 17 and 36 at depths 50 m to 
100 m showed consistently low resistivity < 70 Ω m, which may indicate contamination by leachate plume due 
to its lateral migration from the dump site. As shown in Fig. 11, the leachate plume might have originated from 
stations 6 to 7 and stations 10 to 16 and flowed downward along with the weathered layer at a depth of 100 to 
150 m towards the southeast direction of the dumpsite.

Figure 12 shows the 2D resistivity structure of transverse four along the NNE–SSW direction of the dump-
site. The profile had a total length of 200 m and fell directly on the margin of the dumpsite. The 2D resistivity 
structure indicated that the topsoil has a resistivity < 80 Ωm between stations 7 and 28, indicating the leachate 
contamination on the topsoil. The topsoil has virtually merged with the weathered layer because of the overlap-
ping low resistivity values and relatively small thickness.

Areas where the topsoil and weathered layer practically merged and were characterized with low resistivity 
beneath the dumpsite were ascribed to leachate penetration around the dumpsite with a depth extent computed 
to be > 30 m. This may be due to the overburden relative permeability, probable linear features, and the descend-
ing slope of the bedrock topography near the dump site. Regions like the NNE—SSW and NNW—SSE part of 
the dumpsite were saturated with leachate and later migrated to relatively porous and permeable neighbouring 
substrata. This migration is considered slow because there was no trace of contamination 700 m away from the 
dump site.

Conclusion
Combined geochemical and geophysical investigations were carried out within the Oke-Tage waste dumpsite, 
Ile-Oluji, Southwestern Nigeria. The relatively low resistivity of the weathered layer was suspected to be lea-
chate saturation and hence, groundwater contamination around the dump site. The findings of the study have 
demonstrated that electrical resistivity imaging as well as geochemical analysis of soil and water samples can 
be useful tools in monitoring the extent of contamination of leachate plumes generated from refuse dumpsites. 
Although the health risk assessment showed no immediate significant health risks associated with exposure to 
the metals due to HI values less than 1, it is important to continuously monitor the levels of metals in the site 
to prevent biomagnification and bioaccumulation. Finally, the research revealed that the studied soil and water 
are contaminated with migrating leachate plumes within the study area. Therefore, there is a need to improve 
waste management practices to mitigate groundwater and soil contamination. It is suggested that continuous 

Figure 11.   2D Resistivity Structure of Traverse 3.

Figure 12.   2D Resistivity Structure of Traverse 4.
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dumping of municipal solid wastes on the sites should be discouraged so that environmental sustainability is not 
threatened. Furthermore, policymakers and appropriate stakeholders should develop strategies that will ensure 
that the sites are restored to their pristine states in order to ensure a pollution-free environment.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon 
reasonable request.
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